To understand how the brain perceives the external world, it is desirable to observe neuronal activity in the brain in real time during perception. The zebrafish is a suitable model animal for fluorescence imaging studies to visualize neuronal activity because its body is transparent through the embryonic and larval stages. Imaging studies have been carried out to monitor neuronal activity in the larval spinal cord and brain using Ca 2+ indicator dyes [1-3] and DNA-encoded Ca 2+ indicators, such as Cameleon [4] , GFPaequorin [5] , and GCaMPs [6] [7] [8] [9] [10] [11] [12] . However, temporal and spatial resolution and sensitivity of these tools are still limited, and imaging of brain activity during perception of a natural object has not yet been demonstrated. Here we demonstrate visualization of neuronal activity in the optic tectum of larval zebrafish by genetically expressing the new version of GCaMP. First, we demonstrate Ca 2+ transients in the tectum evoked by a moving spot on a display and identify direction-selective neurons. Second, we show tectal activity during perception of a natural object, a swimming paramecium, revealing a functional visuotopic map. Finally, we image the tectal responses of a free-swimming larval fish to a paramecium and thereby correlate neuronal activity in the brain with prey capture behavior.
Summary
To understand how the brain perceives the external world, it is desirable to observe neuronal activity in the brain in real time during perception. The zebrafish is a suitable model animal for fluorescence imaging studies to visualize neuronal activity because its body is transparent through the embryonic and larval stages. Imaging studies have been carried out to monitor neuronal activity in the larval spinal cord and brain using Ca 2+ indicator dyes [1] [2] [3] and DNA-encoded Ca 2+ indicators, such as Cameleon [4] , GFPaequorin [5] , and GCaMPs [6] [7] [8] [9] [10] [11] [12] . However, temporal and spatial resolution and sensitivity of these tools are still limited, and imaging of brain activity during perception of a natural object has not yet been demonstrated. Here we demonstrate visualization of neuronal activity in the optic tectum of larval zebrafish by genetically expressing the new version of GCaMP. First, we demonstrate Ca 2+ transients in the tectum evoked by a moving spot on a display and identify direction-selective neurons. Second, we show tectal activity during perception of a natural object, a swimming paramecium, revealing a functional visuotopic map. Finally, we image the tectal responses of a free-swimming larval fish to a paramecium and thereby correlate neuronal activity in the brain with prey capture behavior.
Results and Discussion
How the brain perceives the external world precisely under ever-changing operational conditions is a fundamental question in neuroscience. We approach this question by directly observing the activity of neuronal ensembles during behavior and perception of a model vertebrate, the zebrafish. Zebrafish larvae start to capture and eat live bait at 4 days postfertilization (dpf), exhibiting a behavior called prey capture. The prey capture behavior comprises a sequence of stereotyped events, i.e., perception of prey, eye convergence [13] , and approach swimming [14] . As a first step toward understanding the functional neural circuits in the brain that control prey capture behavior, we aimed to visualize how neurons in the brain respond when a zebrafish larva perceives a swimming paramecium.
Previously, we developed GCaMP, an engineered GFP that increases fluorescence upon increase of cellular Ca 2+ concentration [15] , and generated an improved version GCaMP-HS to image the activity of spinal motor neurons during spontaneous contractions of a zebrafish larva [8] . However, we found that the sensitivity of GCaMP-HS was not high enough to image the visual system during perception of a natural object (data not shown). Therefore, we introduced amino acid substitutions into GCaMP-HS, tested their activities, and developed a new version, which we named GCaMP7a (see Figure S1A available online). We constructed UAS:GCaMP7a transgenic zebrafish carrying a codon-optimized GCaMP7a gene downstream of the Gal4 binding sequence UAS to express GCaMP7a under the control of a Gal4 driver line [16] . Then, to express GCaMP7a in the visual system, we performed a genetic screen using a Tol2 transposon-mediated gene trap approach and identified gSA2AzGFF49A transgenic fish that expressed the Gal4FF transactivator in the optic tectum (Figures 1 and S1B ). The gSA2AzGFF49A fish carried a single-copy integration of the gene trap construct within the dlg2 (discs large homolog 2) gene (chapsyn-110, PSD-93), which is known to mediate clustering of ion channels at postsynaptic sites [17] (Figure S1C) . We compared the performance of GCaMP7a with that of GCaMP-HS by mating gSA2AzGFF49A fish to UAS:GCaMP7a or UAS:GCaMP-HS fish. We demonstrated spontaneous neuronal activities in the tectum at single-cell resolution using a gSA2AzGFF49A; UAS:GCaMP7a double-transgenic larva at 3 dpf (Figure 1 ; Movie S1). Fluorescence changes detected with GCaMP7a were approximately 3.2-fold greater than those detected with GCaMP-HS ( Figure S1D ).
To analyze the tectal response to a visual stimulus, we placed a 3.5-inch LCD display to one side of the gSA2AzGFF49A; UAS:GCaMP7a larva and projected a spot with a diameter of w13 on the display (Figure 2A ). First, we analyzed tectal responses to appearance (ON) and disappearance (OFF) of the spot. In response to ON and OFF of the spot, Ca 2+ transients were detected in the neuropil area, where the dendrites of tectal neurons form synapses with axons of retinal afferents (Figures 2B and 2C; Movie S2). ON and OFF subtypes of retinal cells were reported previously in zebrafish [18] . We showed that tectal cells responded to ON and OFF signals as well. Second, the spot was moved along the display in the anterior-to-posterior (A-to-P) and dorsal-to-ventral (D-to-V) directions. Ca 2+ signals in the neuropil area of the tectum moved in A-to-P and D-to-V directions, respectively, in accordance with the movement of the spot, thus revealing visuotopy. Also, six tracks of the moving spot on the display were recapitulated on the neuropil area ( Figures 2D and 2E ). The cortical magnification factor was defined as the scaling factor that relates a distance in the visual field to the cortical distance [19] . We calculated the magnification factor (MF) by dividing the width of six tracks of Ca 2+ signals on the neuropil by the visual angle corresponding to the width of six tracks of the moving spot on the display. We found that the vertical (D-to-V direction) MF was significantly larger than the horizontal (A-to-P direction) MF (vertical MF: 1.23 6 0.17 mm/degree; horizontal MF: 0.62 6 0.06 mm/degree; p = 0.033; paired t test; n = 3), similar to those calculated for the mouse visual system [20] . Third, a spot was moved in the D-to-V and V-to-D directions, or P-to-A and A-to-P directions ( Figures 2F-2J ).
Ca
2+ transients detected in the cell bodies in D-to-V and P-to-A were merged with V-to-D and A-to-P, respectively, and single tectal neurons that responded selectively to the movement of only one direction were identified ( Figures 2H  and 2K ). The presence of direction-selective neurons had been described previously by labeling of tectal cells with a Ca 2+ indicator dye [3] . Our present method enabled identification of single direction-selective neurons in genetically tagged neurons. Overall, these results indicate that the temporal and spatial resolution of our present method are sensitive enough to detect neuronal activities in the tectum evoked by a small visual stimulus.
To examine the neuronal activity during perception of a natural object, we placed a live paramecium near the head of an immobilized gSA2AzGFF49A;UAS:GCaMP7a larva at 7 dpf. Ca 2+ signals evoked by the paramecium were clearly detected in the neuropil area and the cell bodies of the tectum ( Figure 3A ; Movie S3). The functional visuotopic map revealed by the present imaging is consistent with the retinotopic map derived from anatomical studies [21, 22] (Figure 3B) . Namely, when a paramecium moved from the right to left hemifield, from ventral to dorsal, or from posterior to anterior, Ca 2+ transients moved from the left to right tectum, from the center (ventral) to margin (dorsal), or from posterior to anterior in the neuropil area of the contralateral tectum, respectively (Figure 3C-3E ; Movie S3). We found that the zebrafish larval visual system is capable of responding to a moving paramecium, but not to a motionless one. In cases where a motionless paramecium stayed close to the eye of the larva, Ca 2+ signals were not detected in the contralateral tectum. However, when the paramecium started to move, the tectal neurons were activated (Figures 3F and 3G ; Movie S4). Thus, the present study demonstrates that a moving object can generate signals on the tectum continuously.
Finally, we aimed to visualize the neuronal activity during prey capture behavior. For this purpose, we placed a freeswimming larva at 5 dpf with a paramecium in a small dish under an objective lens with low magnification. Because the larva swims in an intermittent manner, Ca 2+ signals could be detected during pauses between swimming bouts. In this manner, Ca 2+ signals, fish behaviors, and a paramecium could be simultaneously observed (Figures 4A-4D ; Movie S5). Fish larvae occasionally performed a prey capture behavior, as judged by eye convergence and approach swimming toward the paramecium ( Figure 4D ). We mapped and analyzed positions of the Ca 2+ signals on the tectum evoked by the paramecium. The total Ca 2+ signals detected during imaging were mapped at position 0 to 1 along the anteroposterior axis in the neuropil area of the tectum (mean 6 SD; 0.60 6 0.20, 1,768 frames in the course of 18 sets of recording were analyzed) ( Figure 4E ). In contrast, the Ca 2+ signals immediately followed by prey capture behavior were mapped between positions 0.2 and 0.42 (mean 6 SD; 0.28 6 0.09, 18 frames out of the 1,768 frames were analyzed) of the total tectal length from the anterior end ( Figure 4F ). Thus, Ca 2+ signals preceding prey capture behavior were located more anteriorly in the tectum (p < 0.0001), suggesting that activation of the anterior tectum may be functionally connected to a subsequent visuomotor pathway that induces eye convergence and approach swimming. The positions of the paramecia that evoked anterior activation were mapped in front of the larva as expected from the visuotopic map ( Figure S2) .
In this study, we demonstrated dynamic responses of tectal neurons during visual perception of a natural object and correlated tectal activity with prey capture in free-swimming fish. This approach should facilitate understanding of the functional neuronal circuits essential for prey capture behavior. Furthermore, because GCaMP7a can be expressed via the Gal4FF-UAS system, neuronal activities in other regions of the brain can also be imaged by selecting appropriate Gal4FF driver lines from the transgenic resource [23] ; in fact, we could successfully image spontaneous activities of single neurons in the habenula and hindbrain in doubletransgenic larvae carrying region-specific Gal4FF drivers (Movie S6). Thus, our system should enable real-time imaging of genetically tagged neurons in the brain that may control behavior and locomotion.
Experimental Procedures
The gSA2AzGFF49A;UAS:GCaMP7a double-transgenic zebrafish used for imaging were also homozygous for the nacre pigmentation mutation [24] to eliminate melanophores. For imaging, a microscope (AxioImager Z1, Zeiss) equipped with a cooled CCD camera (ORCA-R2, Hamamatsu Photonics) or with a confocal scanner unit (CSU-W1, Yokogawa Electric Corporation) and an EMCCD camera (iXon, Andor Technology) was used. Visual stimuli were created using MATLAB (The MathWorks) and Psychtoolbox (http://psychtoolbox.org/). Image processing was performed with ImageJ (http://imagej.nih.gov/ij/). For more details, see Supplemental Experimental Procedures.
This study was carried out in accordance with the Guide for the Care and Use of Laboratory Animals of the Institutional Animal Care and Use Committee (IACUC, approval identification number 24-2) of the National Institute of Genetics (NIG, Japan), which has an Animal Welfare Assurance 
Accession Numbers
The DNA Data Bank of Japan (DDBJ) accession number for GCaMP7a reported in this paper is AB775940.
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